Q fever is a zoonotic disease caused by the bacterium Coxiella burnetii. Clinical presentation in humans varies from asymptomatic to flu-like illness and severe sequelae may be seen. Ruminants are often sub-clinically infected or show reproductive disorders such as abortions. In Egypt, only limited data on the epidemiology of Q fever in animals are available. Using a stratified two stage random sampling approach, we evaluated the prevalence of Coxiella burnetii specific antibodies among ruminants and camels in 299 herds. A total of 2,699 blood samples was investigated using enzyme-linked-immunosorbent assay (ELISA). Coxiella burnetii specific antibodies were detected in 40.7% of camels (215/528), 19.3% of cattle (162/840), 11.2% of buffaloes (34/304), 8.9% of sheep (64/716) and 6.8% of goats (21/311), respectively. Odds of seropositivity were significantly higher for cattle (aOR: 3.17; 95% CI: 1.96-5.13) and camels (aOR: 9.75; 95% CI: 6.02-15.78). Significant differences in seropositivity were also found between domains (Western Desert, Eastern Desert and Nile Valley and Delta) and 25 governorates (p < 0.001), respectively. Animal rearing in the Eastern Desert domain was found to be a significant risk factor (aOR: 2.16; 95% CI: 1.62-2.88). Most seropositive animals were older than four years. No correlation between positive titers and husbandry practices or animal origin were found (p > 0.05). Only 8.7% of the interviewed people living on the farms consumed raw camel milk and none reported prior knowledge on Q fever. Findings from this nationwide study show that exposure to Coxiella burnetii is common in ruminants and camels. Disease awareness among physicians, veterinarians and animal owners has to be raised. Future epidemiological investigations have to elucidate the impact of Q fever on human health and on the economy of Egypt.
Introduction Q fever is a zoonotic disease in humans and animals affecting a wide range of hosts. The causative agent, Coxiella (C.) burnetii, is a Gram-negative obligate intracellular bacterium and is known for its high tenacity and infectivity [1, 2] . C. burnetii has a worldwide distribution with the exception of New Zealand [3, 4] . Q fever in humans is most often a self-limiting, flu-like illness with symptoms such as headache, myalgia or atypical pneumonia. Hepatitis or endocarditis may be long lasting sequelae in chronic cases [5] [6] [7] [8] [9] [10] . Animals are often sub-clinically infected but naïve small ruminants (infected in the last trimester of gestation) may present reproductive disorders such as (late) abortion, premature delivery, stillbirth and weak offspring. Cattle often suffer from sub-clinical mastitis resulting in reduction of milk production and final break down of the quarter [11] . Ruminants shed bacteria in high numbers in birth products and to a lower extent with milk, vaginal mucus and feces or urine [12, 13] . Abortions or lambing in small ruminants have been linked to subsequent human Q fever outbreaks because birth products are heavily contaminated and can easily contaminate the environment [14, 15] . Infection in humans usually occurs via inhalation of contaminated aerosols such as dust or tick feces. In general, risk of infection is increased for people living in rural regions or with occupational risk such as people employed in veterinarian clinics, abattoirs and wool industry due to close proximity to ruminants [16, 17] . Infection risk is also elevated in areas with a high population of ruminants or movement of reservoir animals. Egypt's hot and dry climate with little total precipitation as well as open landscapes with high wind speed may favor spreading of C. burnetti via contaminated aerosols [18] . The role of camels in transmission of C. burnetii to humans remains poorly understood [12, 19] .
In Egypt like in many other developing countries, Q fever is not a notifiable disease although seroprevalences of up to 32% in adults, 22% in children and 16% in veterinarians and farmers have been reported [20] [21] [22] . Hence, a high socioeconomic impact of this disease is very likely [23] .
Nevertheless, to date only limited data on the epidemiology of C. burnetii in animals are available for a few Egyptian districts although first serological evidence in Egyptian animals and humans was reported in the 1950's [4, 17, [24] [25] [26] . Therefore, this study was carried out to describe the seroepidemiological situation of C. burnetii specific antibodies in ruminants and camels and its potential impact in Egypt (except the Sinai). This study will provide a baseline for further research into the public health impact of Q fever and implementation of public health interventions.
Materials and methods

Study area
The territory of the Republic of Egypt encloses over 1,001,449 km 2 and is divided into 27 governorates. Based on its physical surface characteristics Egypt was divided into three large domains, the Western Desert, the Eastern Desert, and the Nile Valley and Delta region. The majority of the Western Desert and Eastern Desert domain are dry desert and steppe with scattered oasis. The Nile Valley and Delta region is green land with wet or muddy soil conditions. As a result of these differences in surface characteristics there is a distinct non-proportional spatial distribution of animal species and numbers within the different domains.
Study population and study design
Cattle, buffalo, sheep, goat and camel herds in Egypt except those of the Sinai (governorates in the Eastern Desert domain) due to ongoing political and security instability were investigated.
From October 2015 to March 2016 a cross-sectional study with a stratified (by governorates) two stage random cluster sampling strategy was conducted. In the first stage 80 villages were randomly selected from 25 governorates. The villages sampled are shown in Fig 1, whereas the governorates are listed in Fig 2 and S1 Table. During the second sampling stage one or two herds/farms were randomly selected without replacements from each sampling site. Thus, a total of 299 herds/farms had to be tested. Due to a full census of the village livestock population was not available sampling was distributed across all identified villages per domain. The number of animals to be tested was calculated using the two stage sampling formula. The calculated number of animals was divided by the total number of villages of each domain to obtain the final number of animals to be sampled per village. The animals sampled in the study were older than 1.5 years to avoid false positive results due to maternal antibody cross reactions in the ELISA test used. The estimated age of the animal was obtained from the farmer.
Sample collection
Blood (5 ml) was collected from the jugular veins of sheep, goats and camels and from the tail veins (Vena caudalis mediana) of cattle and buffaloes. Blood samples were collected using disposable needles (18 and 19 gauges) and 50/60 ml three part syringes (AMECO, Egypt). Blood samples were then stored at room temperature for one hour to allow clotting. After centrifugation (1,449 x g, 10 minutes) serum was aliquoted into cryo-vials and stored at -20˚C before being shipped to the Friedrich-Loeffler-Institut (FLI), Germany.
Questionnaire design and data collection
A questionnaire was used to obtain information covering a wide range of factors including information about the animal (age, species, origin) and on the husbandry system practiced. The animal husbandry systems were classified as follows: (a) stable/stationary: animals were kept in an open stable with fences and a partial roof for sun protection, (b) pasture: animals were kept on pasture/steppe in a fenced area and (c) nomadic: animals ranged free, might have been guarded by a person and were occasionally moved from one area to the next. The animal owners were interviewed about their general knowledge on Q fever including transmission, clinical signs in animals and application of countermeasures such as removal of birth products to reduce risk of infection with C. burnetii. Furthermore, they were asked if they consume raw milk. The teams interviewed the respondents in Arabic language. Moreover, GPS data were determined to identify the positions of the sampled villages.
Serological testing
The collected serum samples were screened for C. burnetii specific antibodies at the Q fever reference laboratory of the FLI. An indirect ELISA (IDEXX CHEKIT Q fever Antibody ELISA Test Kit, IDEXX Laboratories, Switzerland) was used and the results were evaluated according to the manufacturer's recommendations. Briefly, results with an optical density (OD) of !40% or <30% of (PK" xNK" x) (PK = positive control, NK = negative control, " x = mean) were considered as positive or negative, respectively. Samples with a value between !30% and <40% were considered equivocal and were re-tested. The manufacturer reported sensitivity and specificity of the kit to be approximately 100% [27] . The test is certified for use in sheep, goats and cattle (ruminants). Cattle and buffaloes share a closely related immune system allowing the use of this ELISA for samples from buffaloes [28] . The IDEXX ELISA is commonly used in serum samples of camels although a final validation of this test in camelids is still missing [25, 29] . 
Statistical analysis
Analyses were performed using SPSS Statistics software1 (Armonk, IBM Corp, USA, version 19) . Missing values were coded and included in the analysis as 'missing'. The chi-square or Fisher's exact test was used to determine differences in seropositivity among groups categorized by age, species of the animal, location of collection, animal husbandry system and origin of the animal. Stepwise logistic regression analyses were done to examine the association between variables with p < 0.2 in univariable analysis (animal age group, animal species, origin, housing and domain) and seropositivity with adjustment for the other variables. Logistic regression models were also run for each animal species separately. Age was categorized into two groups (up to four years and over four years) and husbandry conditions were categorized into two groups (nomadic vs. 'others' which combined pasture, stables and missing). Odds ratios (ORs) and corresponding confidence intervals (CIs) for each category compared with the reference group were calculated. P values < 0.05 were considered significant. The map displaying the sampled villages was created using ArcGIS (ESRI, version 10).
Ethical considerations
This study was carried out in strict accordance with the recommendations of the Egyptian Network of Research Ethics Committees (ENREC), which complies with the international laws and regulations regarding ethical considerations in research. The ENREC approved this research work. For purposes of this study all animal owners consented to sampling. Table 1 summarize the characteristics of the study population. None of the livestock owners interviewed reported prior knowledge on Q fever or on any application of countermeasures. Twenty-six owners (8.7%) reported consumption of raw camel milk. Transmission of C. burnetii to humans via consumption of raw milk is still unknown.
Results
Study population
Seroprevalence
The seroprevalence in goats was 6.8%, in sheep 8.9%, in buffaloes 11.2%, in cattle 19.3% and in camels 40.7% ( Table 2 ). The differences in seroprevalence among the animal species were significant (p < 0.001) ( Table 3 ). Multivariable analysis showed significantly higher odds for seropositivity for cattle (aOR: 3.17; 95% CI: 1.96-5.13) and camels (aOR: 9.75; 95% CI: 6.02-15.78) ( Table 4) . Cattle, sheep and camels of the Eastern Desert region had highest seroprevalences. Seroprevalences in buffaloes and goats were highest in the Nile Valley and Delta domain (p < 0.001) ( Table 3) . Seropositivity in the final logistic regression model was significantly associated with animals from the Eastern Desert domain (aOR: 2.16; 95% CI: 1.62-2.88) ( Table 4 ). This was also evident in the analyses per animal species (S3 Table) .
Seroprevalences at governorate level ranged from 4.2% to 36.4% in cattle, from 3.3% to 100% in buffaloes, from 5.3% to 25.0% in sheep, from 4.0% to 41.7% in goats and from 12.5% to 75% in camels (p < 0.001) (S1 Table) . Seroprevalences determined for the villages were in the range of 4.8%-66.7% in cattle, 4.0%-100.0% in buffaloes, 3.3%-50.0% in sheep, 8.3%-50.0% in goats and 16.7%-78.6% in camels (p < 0.001). Fifty-three percent (157/299) of all sampled herds had at least one seropositive animal. Table 2 ). However, this variable was not significant in the multivariable analysis.
Higher seroprevalence 389/1729 (22.5%) was found in animals older than four years. Most sheep and goats with a positive result were younger than four years. The difference in seroprevalence between these age groups was statistically significant (p < 0.001) in the univariable analysis, but not in the multivariable analysis.
Of the imported camels 42.1% (131/311) were seropositive. Eighty-four (38.7%) camels from Egyptian origin were tested positive but the difference was not statistically significant (p = 0.432).
Discussion
This first nationwide cross-sectional study in ruminants and camels was conducted to provide a deeper understanding of the epidemiology of Q fever in Egypt. An overall seroprevalence of 40.1% in camels, 19.3% in cattle, 11.2% in buffaloes, 8.9% in sheep and 6.8% in goats was found. Seroprevalences were influenced by the geographical location, type of animal husbandry and age of animal, however not by the origin of an animal. Potential risks associated with seropositivity are animal species and the geographical location. Thus, Q fever is endemic throughout Egypt in ruminants and camels.
Over the last 65 years, to the best of our knowledge, ten prevalence studies have been conducted in Egypt. These studies had limitations in study design (missing or inadequate), study area (locally restricted) or size of test specimens. Thus, all major farm animal species which might serve as natural reservoirs were investigated using reliable study design, probabilistic sampling approaches and a representative sample size. A bias may be caused by the lower number of samples collected than calculated prior to the study. This is due to the missing samples from the Sinai and a lower sample size from goats. Nevertheless, the results reported for cattle, buffaloes, sheep and camels are representative for the serprevalences in Egypt. Gwida et al. (2014) examined dairy cattle and detected C. burnetii specific antibodies in 13.2% (158/1,194) of cattle from nine farms from Dakahlia, Damietta and Port Said governorates [24] . Their results are in agreement with the data of this study corresponding to 11.1% in these three governorates. Another study did not detect C. burnetii specific antibodies in slaughter cattle using IDEXX ELISA in central Egypt [25] . We found antibodies in livestock all across Egypt including central Egypt. Since the origin of the cattle was not defined, it may be assumed that the cattle came either from few Q fever free holdings or the animals had been recently infected and no specific antibodies had yet been produced. The same authors also failed to detect antibodies in buffaloes older than six months. We found a seroprevalence of 11.2% in buffaloes and at least one seropositive buffalo in 47.2% of buffalo herds (25/53). Our findings show that the situation in the field may have changed. The seroprevalence of C. burnetii specific antibodies in sheep in our study is in accordance with the data of a study in livestock for slaughter (8% [14/174] ) [25] . In contrast, a study on farm animals from the Giza, Cairo and Fayoum governorates showed remarkably high seroprevalences in sheep and goats (32.7% [18/ 55] and 23.3% [7/30] ), respectively [17] . This difference could be explained by the high small ruminant density of this rural region and the fact that infected small ruminants may shed bacteria in high numbers [15, 20] . In goats, the bias discussed before may also be a reason for this difference.
Aridification of many regions of Africa and Asia has increased the relevance of camels as farm animals. In Egypt, camels are kept at high numbers in dry areas for milk and meat production or as pack animals. This can result in greater transmission rates of C. burnetii and has been demonstrated in this study with the high seroprevalence found in camels. Several studies from Saudi Arabia, UAE, Iran and Chad showed that camels have antibodies against C. burnetii and are able to shed the bacteria via secretions and excretions [12, 19, 25] . Indeed, Schelling et al. (2003) found that pastoralist camel breeders in Chad had increased odds of exposure when compared to cattle breeders [19] . Thus, camels may even play the same important role in human disease as reservoir and source of C. burnetii as ruminants do.
Beside the overall seroprevalences for each animal species, significant differences in exposure were found for the domains (p < 0.001). Although the association between transmission and prevalence of C. burnetii is strongly influenced by landscape, climate, animal movement and high animal population density, no obvious explanations were found for these results [30] . It is likely that transmission of C. burnetii in the Eastern Desert domain may be favored by coastal winds. Conversely, the high seroprevalence in buffaloes in the Nile Valley and Delta region (aOR: 5.01; 95% CI: 1.83-13.71; S3 Table) may be explained by the high animal population density due to abundant feed and water supply. In Egypt, buffaloes are kept in stables and C. burnetii could have also been spread by animal movements particularly during uncontrolled import of infected animals. In this survey, camels were the only livestock found to be imported to Egypt, but no correlation was found in the multivariable logistic regression. Hence, the seroprevalence found in camels from Aswan governorate bordering Sudan were strikingly high (67.5% [27/40] ). A study from Iran has associated high Q fever seroprevalence in border areas with the import of infected camels [29] . A high (maybe illegal) import rate with no control may be responsible for the high seroprevalence in Aswan. Thus, the impact on transmission of C. burnetii through importation of infected animals in this region is substantial and requires immediate action to combat the potential widespread public health effects of C. burnetii on animal and human health. Measures to control the importation of camels from Sudan and Somalia to Egypt need to be implemented.
In conclusion, C. burnetii specific antibodies are present in Egyptians most important livestock species throughout the country. Especially buffaloes and camels should be the focus of any further research to establish their role in the transmission of C. burnetii to humans and to identify any potential risk factors for exposure. In African countries, a classification of husbandry systems is not expedient to identify a risk factor for C. burnetii transmission due to the open construction of stables. Whereas the specific geographical characteristics and climatic conditions may influence the seroprevalences in the Western, Eastern and Middle Egypt. Importation of animals with unknown health status has come to the fore and should be tackled immediately. Other consequences on the economy and animal and public health could not be evaluated. Nevertheless, awareness rising is needed in animal owners, veterinarians, physicians and authorities. 
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